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V INTRODUCTION 

The purpose of t h i s  p r e s e n t a t i o n  i s  t o  o u t l i n e  t h e  c a p a b i l i t i e s  of 
a i r c r a f t  f o r  s c i e n t i f i c  r e sea rch .  Because of t i m e  l i m i t a t i o n s ,  t h e  
d i s c u s s i o n  w i l l  be  r e s t r i c t e d  t o  j e t  a i r c r a f t  which o p e r a t e  a t  a l t i t u d e s  
of 10 km (33,000 f t )  o r  h ighe r .  It is  recognized t h a t  a l a r g e  number of 
o t h e r  a i r c r a f t  have been instrumented f o r  s c i e n t i f i c  r e sea rch ,  most of 
them f o r  meteorology up t o  6 o r  7 km (22,000 f t ) .  

Because of my p e r s o n a l  knowledge, I w i l l  u s e  as primary examples 
t h e  a i r c r a f t  opera ted  by t h e  Ames  Research Center of t h e  NASA ( t h i s  
Center i s  l o c a t e d  about 60 km sou th  of San F ranc i sco ) .  This  is  not  i n  
any way in tended  t o  minimize t h e  importance of o t h e r  s imi la r  a i r c r a f t ,  
and I w i l l  t r y  t o  i n d i c a t e  a l s o  what t h e s e  o t h e r  a i r c r a f t  are doing. 
should mention, however, t h a t  t h e  NASA a i r c r a f t  are opera ted  s p e c i f i c a l l y  
f o r  g u e s t  i n v e s t i g a t o r s ,  s o  t h a t  they are t h e  most a c c e s s i b l e  and 
r e spons ive  t o  requirements from s c i e n t i s t s  from u n i v e r s i t i e s  and o t h e r  
non-NASA o r g a n i z a t i o n s ,  bo th  from t h e  United S ta tes  and from f o r e i g n  
c o u n t r i e s .  
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Finall;. ,  because of t h e  n a t u r e  of t h i s  Symposium, I w i l l  pu t  primary 
emphasis QXI t h e  uses  of aircraEt f o r  astronomy. 
b r i e f l y  t h e  o t h e r  p r i n c i p a l  r e s e a r c h  areas, which are: a u r o r a s ,  cosmic 
r a y s ,  geomagnetic f i e l d s ,  a i rg low,  meteorology, e a r t h  r e sources .  

I w i l l  mention more 

FIGURE 1 

The f i r s t  t h r e e  a i r c r a f t  l i s t e d  are s m a l l g  s h o r t  range j e t s  which 
can accommodate some 200 t o  500 kg of payload p l u s  one t o  f i v e  people,  
i nc lud ing  t h e  f l i g h t  crew. The f i r s t  two are modified m i l i t a r y  a i r c r a f t  
used p r i m a r i l y  f o r  meteorology r e s e a r c h .  The Lear Je t  i s  a small bus iness  
execu t ive  a i r c r a f t  used by NASA p r i m a r i l y  f o r  a e r o n a u t i c a l  r e sea rch ,  b u t  
i t  is  a l s o  a v a i l a b l e  and used f o r  astronomy, where i t s  a l t i t u d e  c a p a b i l i t y  
i s  p a r t i c u l a r l y  va luab le .  
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The Convair 990 i s  a medium range, four-engine j e t  t r a n s p o r t  which, 
i n  a i r l i n e  o p e r a t i o n s ,  c a r r i e s  about 100 passengers .  I n  r e s e a r c h  usn,ye, 
i t  has  t y p i c a l l y  c a r r i e d  about 6500 kg of s c i e n t i f i c  ins t ruments  p l u s  
40 people.  
40 KVA a t  400 Hz and 1 2  KVR at 60 Hz. 

The e l e c t r i c a l  power a v a i l a b l e  t o  experimenters is  a b o u t  
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The NC-135 and KC-135 are m i l i t a r y  v e r s i o n s  of t h e  Boeing 707 
They are s l i g h t l y  l a r g e r  than  t h e  a i r c r a f t  used by many a i r l i n e s .  

CV-990, bu t  o therwise  ve ry  s i m i l a r  i n  t h e i r  r e s e a r c h  c a p a b i l i t i e s .  The 
t h r e e  NC-135 a i r c r a f t  are l i m i t e d  i n  performance 3y t h e i r  heavy s e m i -  
permanent payload, much of which i s  designed t o  monitor and s tudy  nuc lea r  
explos ions ;  t h e s e  a i r c r a f t  have a l s o  been used t o  s tudy  s o l a r  e c l i p s e s ,  
cosmic r a y s ,  and au ro ras .  The KC-135 i s  used f o r  s t u d i e s  of e a r t h  
i n f r a r e d  r a d i a t i o n ,  geodesy, and e lec t romagnet ic  phenomena ( inc lud ing  
cosmic r a y s ,  a u r o r a s ) .  

The U-2 and B-57-F are very  s m a l l  payload, h igh  a l t i t u d e  a i r c r a f t  
used p r i m a r i l y  f o r  me teo ro log ica l  (cloud phys ics )  r e sea rch .  They accommo- 
d a t e  one o r  two people and about 100 kg of r e s e a r c h  equipment. 

FIGURE 2 

This  is  a p i c t u r e  of t h e  NASA CV-990, parked i n  f r o n t  of t h e  VARLG 
maintenance hangars i n  P o r t o  Alegre.  The b l a c k  squa res  near  t h e  top are 
spec ia l  cu t -outs  which accep t  o p t i c a l  g l a s s  f o r  as t ronomica l  and s imi la r  
measurements. The o t h e r  l a r g e  a i r c r a f t  (KC-135 and NC-135) are g e n e r a l l y  
s i m i l a r ,  b u t  have d i f f e r e n t  s i z e s  and arrangements of windows. 

FIGURE 3 

This  i s  a close-up of t h e  s p e c i a l  windows i n  t h e  CV-990. These are 
a t  65" e l e v a t i o n ,  on t h e  p o r t  ( l e f t )  s i d e  of t h e  a i r c r a f t .  We a l s o  have 
some z e n i t h  and n a d i r  windows and have modified some of t h e  passenger 
windows (14" e l e v a t i o n )  t o  accep t  o p t i c a l  g l a s s .  The second and fou r th  
(from t h e  l e f t )  65" windows shown on t h i s  p i c t u r e  have mechanical s h u t t e r s ,  
a c t u a t e d  from t h e  i n s i d e ,  t o  p r o t e c t  t h e  g l a s s  from weather and d i r t  when 
n o t  i n  use  ( s h u t t e r s  shown c losed  i n  t h i s  p i c t u r e ) .  The f i r s t ,  wi thout  
s h u t t e r ,  is  shown w i t h  o p t i c a l  g l a s s ;  t h e  t h i r d  i s  c losed  by a p l a t e  of a 
type  which w e  o f t e n  use  f o r  mounting e x t e r n a l  i n s t rumen ta t ion ,  such as 
temperature probes ,  a i r  samples, e t c .  

FIGURE 4 

This  l i s t  i s  a n  a c t u a l  r eco rd  of CV-990 programs, and i t  i s  a l s o  a 
good r e p r e s e n t a t i o n  of t y p i c a l  u ses  of j e t  a i r c r a f t  f o r  s c i e n t i f i c  r e s e a r c i .  
The a s t ronomica l  i t e m s  are se l f - exp lana to ry .  
systems are i n s t a l l e d  aboard t h e  a i r c r a f t  which i s  then  flown a t  t h e  
a p p r o p r i a t e  t i m e s  and l o c a t i o n s  t o  view t h e  o b j e c t s  of i n t e r e s t .  The sky 
background measurements have y i e lded  v a l u a b l e  d a t a  on t e l l u r i c  atmospheric 
t ransmiss ion ,  t o  be d i scussed  f u r t h e r  later.  

Telescopes and d e t e c t o r  

Under t h e  meteorology heading are inc luded  cloud phys ic s ,  energy 
exchange between t h e  e a r t h  and t h e  atmosphere, and t e r r a i n  and resourcc\s 
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mapping by i n f r a r e d  and microwave techniques .  
( i n f r a r e d ,  microwave, r a d a r )  are t o  be  used aboard s p a c e c r a f t  f o r  remote 
de t e rmina t ions  of p l a n e t a r y  o rgan ic  and mine ra l  c o n s t i t u e n t s .  

The v a r i o u s  mapping devicef, 

The CV-990 is p r e s e n t l y  i n  t h e  mids t  of i t s  f i r s t  a u r o r a  exped i t ion .  
The o t h e r  l a r g e  a i r c r a f t  (KC-135 and NC-135), however, have made extensivcb 
s t u d i e s  of a u r o r a l  phenomena, geomagnetic f i e l d s ,  and cosmic r a y s  i n  
v a r i o u s  p a r t s  of t h e  e a r t h .  I n  p a r t i c u l a r ,  t h e  simultaneous occurrence 
of symmetrical a u r o r a s  a t  magne t i ca l ly  con juga te  p o i n t s  w a s  demonstrated 
by coord ina ted  f l i g h t s  by two a i r c r a f t  a t  t h e s e  p o i n t s ;  i t  w a s  i n t e r e s t i n g  
t o  see t h a t  t h e  expected d i s t o r t i o n  by t h e  s o l a r  wind d id  no t  occur .  

FIGURE 5 

S ince  I w i l l  c o n c e n t r a t e  on as t ronomica l  a p p l i c a t i o n s ,  a few 
a d d i t i o n a l  impor tan t  a i r c r a f t  c h a r a c t e r i s t i c s  need t o  be  mentioned. 
This  f i g u r e  shows a t y p i c a l  s t a b i l i t y  r eco rd  f o r  t h e  CV-990 ( a p p l i c a b l e  
a l s o  t o  o t h e r  l a r g e  j e t  a i r c r a f t )  wi th  a wel l -ad jus ted  a u t o p i l o t .  The 
p r i n c i p a l  motions are under '15 arcmin i n  amplitude,  except  f o r  a slow 
(per iod  of about 100 sec )  r o l l  motion of " 4 5  arcmin. 
have a per iod  of about 5 sec. 

The f a s t e r  motions 

These motions can be  compensated down t o  '3 arcmin by hand guid ing  
and t o  f a few arcsec by automated techniques .  

FIGURE 6 

Two means of image s t a b i l i z a t i o n  are i l l u s t r a t e d  on t h i s  p i c t u r e .  
The one i n  t h e  foreground is  a g y r o s t a b i l i z e d  m i r r o r  which moves s o  as 
t o  counter  a i r c r a f t  motions and keep t h e  l i g h t  from t h e  window (overhead) 
r e f l e c t e d  s t e a d i l y  down along t h e  a x i s  of t h e  o p t i c a l  and r eco rd ing  
in s t rumen ta t ion ,  which i s  f i x e d  i n  t h e  a i r c r a f t  ( i n  t h i s  f i g u r e ,  t h e  
f i r s t  o p t i c a l  element is  i n  t h e  b l a c k  r i n g  t o  t h e  l e f t  of t h e  m i r r o r ) .  
This system g i v e s  a l i ce -o f - s igh t  s t a b i l i t y  of f10 a r c s e c ,  even i n  l i g h t  
tu rbulence .  

The w h i t e  t ube  a t  t h e  l e f t  of t h e  f i g u r e  i s  a t e l e s c o p e  mounted i n  
a gyro-cont ro l led  set of gimbals and po in ted  d i r e c t l y  a t  t h e  overhead 
window. 
p l a t f o r q a n d  they move w i t h  t h e  o p t i c s .  
' 3 0  a r c s e c  image s t a b i l i t y  w i t h  a moving weight of about 40 kg. 

In t h i s  case, t h e  d e t e c t o r s  must be  mounted on t h e  s t a b i l i z e d  
This  system has  y i e lded  about 

Both of t h e s e  s t a b i l i z a t i o n  systems could be r e f i n e d  t o  y i e l d  52 t o  
5 a r c s e c  s t a b i l i t y ,  bu t  w e  have no t  had t h e  need t o  do s o .  
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The equipment shown i s  f a i r l y  t y p i c a l  of as t ronomica l  i n s t rumen ta t io r  

Some t e n  t o  twelve such i n s t a l l a t i o n s  p l u s  about 40 people ca.- 
c a r r i e d  aboard l a r g e  a i r c r a f t ,  i n  a d d i t i o n  t o  r acks  of e l e c t r o n i c  suppor t  
equipment, 
be c a r r i e d  aboard t h e  l a r g e  j e t  a i r c r a f t  (CV-990, K C - 1 3 5 ,  e t c . ) .  

FIGURE 7 

P r e c i s e  nav iga t ion  is e s s e n t i a l  t o  n e a r l y  a l l  r e s e a r c h  programs. I n  
g e n e r a l ,  one can expec t  t o  be  a t  b e s t  w i t h i n  a r a d i u s  of f i v e  n a u t i c a l  
m i l e s  ( f i v e  minutes of a r c )  of planned p o s i t i o n  a f t e r  a f l i g h t  of s e v e r a l  
hours wi thout  ground suppor t .  
depending on how w e l l  t h e  winds are known. 

The t iming may be  wrong by several minutes,  

The 1966 e c l i p s e  f l i g h t s  may serve as an  example of some nav iga t ion  
problems. No ground suppor t ,  such as  LORAN, w a s  a v a i l a b l e ;  weather 
( p a r t i c u l a r l y  winds) r e p o r t s  were s p a r s e  and u n r e l i a b l e .  
j e t  stream w a s  i n  t h e  ec l ipse  i n t e r c e p t  area and severe wind s h e a r s  were 
encountered, so t h a t  t h e  winds ranged from 50 t o  200 knots  and v a r i e d  by 
90" i n  d i r e c t i o n  along t h e  f l i g h t  pa th .  
ca ted  by t h e  f a c t  t h a t  f i v e  a i r c r a f t  i n t e r c e p t e d  t h e  e c l i p s e  i n  t h e  same 
area, and over 20 r o c k e t s  w e r e  being f i r e d  nea r  t h a t  area. 
and c o n t r a i l  i n t e r f e r e n c e  had t o  be avoided. 

The sou th  p o l a r  

The problems were f u r t h e r  compli-- 

Both c o l l i s i o i . :  

It  w a s  agreed t h a t  t h e  NASA CV-990 would take-off e a r l y  f o r  a weather 
reconnaissance  and r a d i o  t h e  in fo rma t ion  t o  t h e  o t h e r  a i r c r a f t .  The 
primary d e s i r e d  i n t e r c e p t  area w a s  chosen s l i g h t l y  east of t h e  p o i n t  of 
maximum t o t a l i t y  i n  o r d e r  t h a t  t h e  a i r c r a f t  b e  o u t  of t h e  rocke t  danger 
areas b e f o r e  impact. 
c l e a r ,  so t h a t  t h e r e  w a s  no need t o  con t inue  t h e  reconnaissance  eastward, 
and t h e  CV-990 r e tu rned  t o  g e t  a p o s i t i o n  f i x  on t h e  s h i p  "Oceanographer" 
and on land  and compute back what t h e  winds were a long  t h e  f l i g h t  pa th  
( t h e  CV-990 w a s  n o t  equipped w i t h  Doppler r a d a r  a t  t h a t  t ime) .  

The weather i n  t h e  primary area w a s  found t o  be  

The t h r e e  AEC a i r c r a f t  (LASL, LRL, Sandia) came up from Buenos 
A i r e s  and f l ew  below and behind us on t h e  f i n a l  l e g .  The AFCRL a i r c r a f t  
f lew i n  from R i o  d e  J a n e i r o ,  went much f u r t h e r  east ,  and i n t e r c e p t e d  t h e  
e c l i p s e  f l y i n g  westward e x a c t l y  below t h e  CV-990; they were supposed t o  
b e  1 4  n a u t i c a l  m i l e s  n o r t h  of u s ,  b u t ,  computing back from t h e  observed 
e c l i p s e  c o n t a c t  t i m e s ,  w e  found t h a t  they w e r e  f i v e  m i l e s  sou th  of t h e i r  
planned course ,  wh i l e  w e  w e r e  n i n e  m i l e s  n o r t h  of ours .  A l a t e  s h i f t  t o  
h ighe r  a l t i t u d e  by t h e  CV-990 t o  avoid c o l l i s i o n  w a s  p a r t l y  r e s p o n s i b l e  
f o r  t h e  northward e r r o r  because of t h e  g r e a t  wind v a r i a b i l i t y  as a 
f u n c t i o n  of a l t i t u d e  (we reconnoi te red  between 11.3 and 11 .9  km and 
f lew t h e  f i n a l  l e g  a t  1 2 . 5  km).  
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FIGURE 8 

This  f i g u r e  shows t h e  s i g n i f i c a n c e  of a l t i t u d e  f o r  as t ronomica l  
obse rva t ions ,  p a r t i c u l a r l y  i n  t h e  i n f r a r e d .  The measurements w e r e  obtained 
by t h r e e  techniques  which gave r e s u l t s  i n  good agreement: 
measurements a t  1 mm, sky temperature a t  10  p, and examination of moon 
s p e c t r a  from 1 t o  3 1-1. 

sky temperature 

The sky tempera ture  formulas permi t  e x t r a p o l a t i o n  above 12.5 km 
(CV-990 c e i l i n g  a l t i t u d e ) ;  t h e s e  estimates were confirmed up t o  1 5 . 2  km 
by a c t u a l  measurements from t h e  Lear Je t .  

It would appear from t h e s e  d a t a  t h a t  an a l t i t u d e  of 1 t o  1 . 5  km 
(3 t o  5 k f t )  above t h e  nominal tropopause i s  s u f f i c i e n t  t o  reach  a 
level beyond which l i t t l e  f u r t h e r  improvement i s  o b t a i n a b l e  by s m a l l  
increments i n  a l t i t u d e .  

FIGURE 9 

Refe r r ing  back t o  Zigures  1 and 8,  one sees from Figure  9 t h a t  t h e  
type  of a i r c r a f t  w e  have cons idered  can  g e t  above most of t h e  t e l l u r i c  
water vapor i n  t e m p e r a t e  zones and h igher  l a t i t u d e s .  The same g e n e r a l  
numbers hold a l s o  f o r  sou the rn  l a t i t u d e s .  

FIGURE 10 

This  f i g u r e  shows ve ry  s t r i k i n g l y  t h e  advantage of a i r b o r n e  measure- 
ments i n  t h e  nea r  i n f r a r e d .  Only f o u r  of t h e  d i p s  seen  on t h e  12 .5  km 
curve  are t e l l u r i c  abso rp t ions ;  a l l  o t h e r  f e a t u r e s  have been i d e n t i f i e d  
as s o l a r  l i n e s .  

FIGURE 11 

I n  t h e  submi l l imeter  r eg ion ,  t h e  only t r ansmiss ion  window from t h e  
ground is  t h e  one around 300 1-1 w i t h  about two p e r c e n t  t ransmiss ion .  The 
d a t a  i n  t h i s  f i g u r e  are n o t  completely c a l i b r a t e d ,  bu t  w e  estimate t h e  
peak t r ansmiss ions  t o  be above s i x t y  pe rcen t .  

FIGURE 1 2  

This  example of a r e c e n t  r e s u l t  ob ta ined  from t h e  NASA CV-990 has  
t o l d  us t h a t  t h e  water vapor con ten t  of Venus' atmosphere i s  1 1-1; previous  
estimates had ranged from 20 t o  400 1-1- 
t h r e e  t i m e s  b e t t e r  r e s o l u t i o n  than could be  shown on t h i s  f i g u r e . )  

(Data are  a v a i l a b l e  wi th  about 
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FIGURE 13 

A i r c r a f t  a l t i t u d e  g i v e s  a cons ide rab le  advantage even i n  t h e  r eg ion  
where t h e  atmosphere is  cons idered  t r a n s p a r e n t ,  mostly because of reduced 
s c a t t e r i n g .  
have a r e s o l u t i o n  of 1 t o  2 A ,  and t h e  i n t e n s i t i e s  were a b s o l u t e l y  
pho tomet r i ca l ly  c a l i b r a t e d .  

The o r i g i n a l  s o i a r  s p e c t r a  from which t h i s  f i g u r e  w a s  derive,l  

FIGURE 14 

This  i s  another  way t o  show reduced sky b r i g h t n e s s  i n  t h e  v i s i b l e  
r eg ion  of t h e  spectrum, w i t h  p a r t i c u l a r  a p p l i c a t i o n  t o  s o l a r  e c l i p s e  work. 
One can expec t  t o  see a t  most t o  1 .3  s o l a r  r a d i i  from t h e  c e n t e r  w i t h  a 
coronagraph on t h e  ground; t o  3.5 r a d i i  du r ing  e c l i p s e ;  and t o  9 r a d i i  
dur ing  e c l i p s e  a t  1 2 . 2  km (40  k f t ) .  By us ing  t h e  nea r  i n f r a r e d ,  around 
7,000 A, t h e  corona has  been photographed (from t h e  CV-990 a i r c r a f t )  t o  
1 4  r a d i i .  

FIGURE 15 

This  f i g u r e  summarizes t h e  p o i n t s  which have been d iscussed  and is 
g e n e r a l l y  se l f - exp lana to ry .  The only p o i n t  n o t  p rev ious ly  mentioned is  
t h e  extended obse rva t ion  t i m e ,  which i s  due t o  t h e  a i r c r a f t  speed. The 
use fu lness  of t h i s  f o r  ecl ipse obse rva t ions  i s  obvious. For o t h e r  
as t ronomica l  work, w e  n o t e  t h a t  t h e  speeds  of t h e  a i r c r a f t  considered 
are such t h a t  they  can  keep up wi th  t h e  e a r t h ' s  r o t a t i o n  a t  about 60" 
l a t i t u d e ,  and they almost keep up a t  o t h e r  l a t i t u d e s ;  t h i s  pe rmi t s  
extended n e a r - t r a n s i t  obse rva t ions .  

CONCLUDING REMARKS 

A i r c r a f t  have demonstrated t h e i r  u se fu lness  i n  many f i e l d s  of 
s c i e n t i f i c  r e sea rch :  astronomy, meteorology, geophysics,  and t h e i r  
many subd iv i s ions  and r e l a t e d  areas. 
a i r c r a f t  are p r e s e n t l y  engaged i n  t h i s  t ype  of r e s e a r c h  i n  t h e  United S t a t c a p ,  
and many s i g n i f i c a n t  c o n t r i b u t i o n s  are being made t o  modern s c i e n c e .  
A i r c r a f t  are w e l l  s u i t e d  f o r  many p r o j e c t s  which are i m p r a c t i c a l  
( t e c h n i c a l l y  and/or  f i n a n c i a l l y )  e i t h e r  from t h e  ground o r  from space 
v e h i c l e s  e 

A number of h igh  performance j e t  

I pe r sona l ly  t h i n k  t h a t  t h e  f u t u r e  w i l l  see an  expansion i n  a i r b o r n e  
s c i e n t i f i c  r e s e a r c h  a c t i v i t i e s ,  A t  NASA, f o r  example, w e  are planning t o  
i n s t a l l  a 36-inch (90-cm) a p e r t u r e  t e l e scope  aboard t h e  CV-990 f o r  in f rurc /  
and submi l l imeter  as t ronomy.  Perhaps some day the  supersonic tr:inspor t 
a i r c r a f t  can proviclc large> sc' Len! i f i c  pay1o;id c * ; i p ; i b i  1 i 1-y i n  t l i t .  20 l i m  
(70 k f t )  n I t i l : c c i c >  rattgc. 
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M. BADER -- FIGURE 6 
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M. E D E R  -- FIGURE 13 
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